We study the structural and electronic properties of solid methane of space group P2 1 2 1 2 1 at high pressure. The density-functional theory (DFT) based first-principles calculations within the Generalized Gradient Approximations (GGA) have been performed by using Quantum Espresso package. Our findings show that the solid methane in orthorhombic structure compresses fast at the first, and then slowly as a function of elevated hydrostatic pressure. The pressure-volume diagram agrees with the available previously reported data up to pressure of around 200 GPa. In orthorhombic structure, solid methane is a wide band gap insulator at low pressures (tens of GPa). The band gap decreases with increase in the pressure. At high pressure (around 900 GPa), the band gap decreases to semi-conductor range (1.78 eV). Our results reveal that methane to be metallic above the pressure coverage of the present study which is consistent to the interior of the giant planets. The band gap as a function of pressure (from the present work) agrees well with the previously reported data.
Introduction
Methane is an important energy source with a great abundance in nature. It plays a significant role in a planetary physics, being one of the major constituents of giant planets Uranus and Neptune, and also Pluto [1, 2] where it is subjected to high pressure and thousand degrees of temperature [3, 4] . It is anticipated that, methane in both the liquid and solid phases is also present in different outer planets and satellites. Methane is also present in earth's mantle and crust at high pressure and temperature, where it is mainly found in the hydrated form forming a methane clathrate structure. Thus, the knowledge of H 2 O-CH 4 fluid mixtures throughout the wide range of temperature and pressure can help in understanding thermodynamic models at relevant geothermal conditions [5] .
Methane is the simplest alkane, the main component of natural gas, and is probably the most abundant organic compound on the earth, which makes it an attractive natural gas fuel. It is important from the view of petrology also. In addition, it is also used in industrial chemical processes and may be transported as a refrigerated liquid. Gas pipelines, that distribute large amount of natural gas, have methane as principal component. However, being gaseous at normal conditions, methane is difficult to transport from its sources. For the transportation and storage, economical ways, safety and feasibility are always the prime concern. As an alternative technique, adsorption of gases like CH 4 and H 2 O in modified carbon nano-structures have been studied through DFT calculations [6] [7] [8] [9] in recent time. Methane is also a potent greenhouse gas. The Biological aspect of methane is also important as its concentration is increasing day by day [10] . We know methane is released in atmosphere during methanogenesis process. Furthermore, the knowledge of properties of methane is also important in understanding the abiogenic formation of methane [11, 12] . This increasing concentration of methane has made it necessary and urgent to study its both biological and physical aspects. Methane concentration affects tropospheric ozone chemistry, carbon monoxide concentration, and climatic variations, which ultimately affect the human activities and hence, measures should be taken to reduce its concentration.
Methane is the simplest of all the saturated hydrocarbon compounds. It is tetrahedral molecule with C-H bond 1.09 Å and H-C-H bond angle 109.5 o in phase without orientational ordering. In spite of the simplicity of its molecular structure, it has a complex and poorly understood phase diagram [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Furthermore, depending on the pressure and temperature, different phases are produced due to the degree of freedom of orientations. Solid methane also exhibits a wide variety of phases due to orientational ordering. Recently Hirai et al. [25] has reported wide variety of structures due to difference in orientational ordering ranging from Fcc structure at 1.7 GPa to phase A (rhombohedral or tetragonal structure) at 5.2 GPa, and transforms to phase B(cubic or hcp) at 10-18 GPa and further transforms to (cubic or hcp) at 25 GPa. Zhao et al. [26] suggested a new monoclinic structure P2 1 /b, with four molecules of methane in a unit cell. This structure is reported to be stable at above 10 GPa upto 90 GPa. Also, their calculations show that it is not metallic until 90 GPa. There is more controversy regarding the phase transition of solid methane which has complex phase diagram. The phase diagram of methane is both rich and intricate, and is poorly understood, which needs a careful investigation. As a first step to understanding the rich and poorly understood phase diagram of solid methane we focus on the one of its stable structures, of space group P2 1 2 1 2 1, in the order of GPa of pressures. The structure has been searched by ab-initio calculations, which has also been supported by neutron experiment (at low temperature) for the similar compounds, as mentioned in [27] and references thereby.
In the present work, we present first-principles simulations to determine structural changes and electronic properties of solid methane in P2 1 2 1 2 1 space group. The calculations cover a wide range of pressure values (10 GPa to 900 GPa) and reveal the change in cell-dimensions/molecular-volume as well as the band structure of solid methane.
The remaining part of this paper is organized as follows. We discuss computational details in section II, present the results and discussion in section III, and finally mention conclusions in section IV, before the acknowledgements and references.
Computational Details
We have used plane wave self consistent field (PWSCF) implementation of density functional theory (DFT) calculations [28, 29] in quantum espresso package [30] . The interaction between the ion-cores and the valence electrons are accounted by the ultrasoft pseudo-potentials. The plane wave basis set with cut off values of 40 Ry and 520 Ry for wave-functions and charge density respectively, is used through-out the calculations. The exchange and correlations parts of electron-electron interactions are treated by generalized gradient approximation (GGA) as suggested by Perdew-Burke-Ernzerhof (PBE) [31] .
Both the internal (atomic co-ordinates) and external (cell dimensions) parameters of solid methane in orthorhombic unit cell, as described by Gao et al., [27] are relaxed for geometrical optimization. The calculations are performed over the first Brillouin zone by using the Monkhorst-Pack scheme with 4× 5 × 8 mesh of K-points. The convergence threshold for self-consistency is considered as 10 -7 Ry.
The structural optimization, within the limitations of standard DFT calculations (which assumes zero temperature), has been performed at different pressure values starting from 10 GPa and up to 900 Gpa, in the steps of 10 GPa. The structural parameters, like cell dimensions and volume of the unit cell are noted, and compared with the available literature. Similarly, band structure calculations at some of the representative pressures are included to specify their electronic properties.
Results and Discussion
We have performed variable-cell relaxation of solid methane (in space group P2 1 2 1 2 1 ) within the DFT levels of calculation using GGA exchange-correlation functional in quantum espresso package. The unit cell contains four methane molecules in orthorhombic structure, as shown in Figure 1 . The unit cell of solid methane is compressed through a number of steps (of interval 10 GPa) of hydrostatic pressure up to 900 GPa.
The (unit) cell sides of solid methane compress almost by one-third of their original (uncompressed) values a = 7.81 Å, b = 7.46 Å and c = 5.35 Å until reaching up to 50 GPa of pressure (not shown in figure) . This implies the high rate of hardening of the structure at low pressures values. At moderate pressures, just above 50 GPa, the rate of compression decreases comparing to that at lower pressures, however, has sufficient space for further compression. Within the range of pressure covered in Figure  2 (50-900 GPa), we can notice that the cell-sides compress a bit faster at the moderate pressures and become harder and harder for further compression at higher pressures. With pressure, the sides of the unit cell decrease.
Percentage decrease on the cell sides at the pressure of 200 GPa, with respect to the values at 50 GPa, are found to be 12.84 %, 13.90 % and 12.94 % for sides a, b and c respectively. Similarly, the percentage decrease on the cell sides at the pressure of 900 GPa, with respect to the values at 50 GPa, are found to be 30.70 %, 27.73 % and 27.70 % for the sides in same order. At high pressures ( > 200 GPa), the decrease in the cell dimensions is correlated to the length of the sides. As seen from above data, the side with longer length compresses more than the side with shorter ones. Due to reduction of the cell-size in all the directions, the original (uncompressed) volume of the unit cell ( 275.75 Å 3 )
compresses to less than one third of its initial volume (73.17 Å 3 ) at 50 GPa. In Eq. (1), B 0 is the isothermal bulk modulus at zero pressure, B' 0 is the pressure derivative of B 0 at zero pressure and (V/V 0 ) is the ratio of the volume at high pressure to that at zero pressure. On comparing our data for pressure-volume values to that obtained in [32] by using experimental EOS mentioned in Eq. (1), we notice that our calculations agree very well with the reported values ( Figure  3) .
To study the effect of elevated pressure on the electronic structure of solid methane, we performed the band structure calculations at various pressure values. The band structures at representative pressures (20 GPa, 200 GPa and 550 GPa) are shown in Figure 4 . The figures illustrate that solid methane has indirect type of band gap and the magnitude decreases as a function of increasing pressure. To understand the dependence of band gap on pressure, we have estimated the band gap of solid methane at various pressures and presented in Figure 5 . From Figure 5 , it is seen that the band gap decreases with pressure. Due to compression, the distance between different atoms decreases and hence the probability of overlapping of different molecular orbitals increases. The estimated band gap values agree with the previously reported (simulated) values within 20% understood on the difference between the methods used. 
Conclusions and Concluding Remarks
The structural and electronic properties of solid methane have been studied by using DFT levels of calculations in quantum espresso package. The structural analysis shows that the cell parameters of the unit cell compress fast at the first and then a bit slowly as a function of pressure. At higher pressures ( > 200 GPa), the longest cell-side compresses more than the others. Also the molecular volume of methane decreases fast at low pressures and slowly at higher pressures. The molecular volumes from the present calculations agree well with the available range of previously reported values. The band gap of the solid methane decreases on increasing pressure. Present calculations predict that solid methane is a large gap insulator at low pressures and comes to semi conductor range (1.78 eV) at 900 GPa. It also implies that it may become metallic above the coverage of the present calculations. Future study will include the study of complete phase diagram of solid methane at various temperatures and pressures.
